This result suggests that most of the crustal area formed by opening of the Upper Delfín basin was either exhumed from lowercrustal levels or is new transitional oceanic crust.
INTRODUCTION
The Gulf of California of southwestern North America (Fig. 1 ) presents an exceptional opportunity to examine the formation of a young ocean basin within an evolving continental orogen. Opening of the Gulf of California is the result of transform motion and extension between the Pacific plate and the North America plate (Atwater, 1970) . The tectonic setting of the Gulf of California and southwestern North America (Fig. 1 ) is well understood from the perspective of continental geology (Burchfiel et al., 1992; Stewart, 1998; Stock and Hodges, 1989; Gastil et al., 1991) and from marine plate-tectonic studies (Stock and Molnar, 1988; Lonsdale, 1989; Atwater and Stock, 1998) . Opening of the Gulf of California followed the termination of subduction west of Baja California Sur at 12.5 Ma (Mammerickx and Klitgord, 1982; Spencer and Normark, 1979) . Magnetic lineations at the mouth of the Gulf of California record Ͼ85% of Pacific-North America plate motion since 3.5 Ma and Ͼ95% of the plate motion since 1 Ma (DeMets, 1995; DeMets and Dixon, 1999; Dixon et al., 2000) .
Continental geologic records define the tectonic history of the Gulf of California prior to 3.5 Ma. Offset Paleozoic metasedimentary rocks, Mesozoic batholithic rocks, and Tertiary conglomerates indicate that ϳ300 km of dextral displacement has occurred in the Gulf of California (Silver and Chappell, 1988; Gastil et al., 1991 Gastil et al., , 1973 (Fig. 1) . Geologic relationships in southern California indicate that most or all of this displacement occurred after 12 Ma (Ehlig et al., 1975; Crowell, 1981) . Correlation of synrift pyroclastic deposits from the Puertecitos volcanic province of Baja California to Isla Tiburón and coastal Sonora supports 255 Ϯ 10 km of opening of the Upper Delfín basin of the northern Gulf of California (Oskin et al., 2001) (Fig. 2) . These results suggest that the Pacific-North America plate boundary became localized in the Gulf of California during latest Miocene time. With adequate geologic control, fundamental tectonic problems such as the roles of strain rate, preexisting weaknesses, and strain partitioning in localizing continental rifting may be addressed from the geology of the Gulf of California. Critical geologic parameters from the Gulf of California are the rate of transfer of Baja California to the Pacific plate and the amount of crustal attenuation that accompanied this transfer. Until recently, no record has been documented that directly measured total offset, offset rate, and crustal attenuation in the Gulf of California. This paper expands on the initial findings reported by Oskin et al. (2001) to document a complete record of Pacific-North America plate motion in the northern Gulf of California and its surrounding rifted continental margin. Four principal pyroclastic flow deposits, consisting of a total of eight separate cooling units, are correlated from Baja California to Isla Tiburón and coastal Sonora. Oskin et al. (2001) described initial results from matching two of these pyroclastic flow deposits: the ca. 12.6 Ma tuff of San Felipe, consisting of a single cooling unit , and the 6.3 Ϯ 0.2 Ma tuffs of Mesa Cuadrada (new name), consisting of two primary cooling units named Tmr3 and Tmr4 (Stock, 1989; Lewis, 1996; Nagy et al., 1999) . The study presented here elaborates on these correlations and establishes additional matches of one cooling unit of the ca. 6.3 Ma tuffs of Dead Battery Canyon (Lewis, 1996) and four cooling units of the 6.1 Ϯ 0.5 Ma tuffs of Arroyo El Canelo (Stock et al., 1991; Martín-Barajas and Stock, 1993; Nagy et al., 1999) .
Each of the pyroclastic flow deposits correlated across the northern Gulf of California displays a unique matching distribution in northeastern Baja California and Isla Tiburón. Offset distributions and facies patterns of these ignimbrites support 255 Ϯ 10 km of opening of the Upper Delfín basin of the northern Gulf of California (Fig. 2) , as proposed earlier by Oskin et al. (2001) . Deformation of the Sonora continental margin indicates that an additional 20 Ϯ 10 km of dextral displacement occurred here sometime after 12.6 Ma. Together with earlier studies of rotational deformation of the continental margin of Baja California by Lewis and Stock (1998a) , the total opening measured across the northern Gulf of California of 296 Ϯ 17 km is indistinguishable from pre-late Miocene geologic tie points. Restoration of the conjugate rifted margins of the Upper Delfín basin also constrains the amount of foundered upper continental crust that may underlie this segment of the Gulf of California. This slip history and crustal budget comprise important constraints for the tectonic evolution of southwestern North America and the mechanisms and structure of continental rifting in the northern Gulf of California.
GEOLOGIC MAPPING AND CORRELATION Previous Studies
The geology of conjugate rifted margins of the northern Gulf of California presents several possibilities for precise temporal constraints on the development of the gulf rift. Pre-and synrift volcanic deposits of the Puertecitos volcanic province of northern Baja California comprise a well-dated middle Miocene to late Pliocene stratigraphy adjacent to the Gulf of California (Stock, 1989; Stock et al., 1991; Martín-Barajas and Stock, 1993; Martín-Barajas et al., 1995; Lewis, 1996; Nagy et al., 1999; Oskin and Stock, 2003b) . Contained within these strata are extensive ignimbrite sequences deposited at 12.6 Ma, ca. 6 Ma, and ca. 3 Ma Stock, 2000) . Detailed mapping in the northern Puertecitos volcanic province indicates sources for these deposits near the present-day western shore of the Gulf of California (Stock et al., 1991; Martín-Barajas et al., 1995; Lewis, 1994; Nagy, 1997) . These widespread ignimbrites in Baja California with eastern sources comprise ideal candidates for cross-gulf correlation Nagy et al., 1999) . A likely target for correlation is the coastal area of central Sonora, located ϳ300 km southeast of the Puertecitos area. Reconnaissance mapping of coastal Sonora indicates a similar, extensive middle to late Miocene volcanic cover adjacent to the eastern shoreline of the Gulf of California Krummenacher, 1974, 1977) .
Remapping of a distinctive Tertiary conglomerate-first correlated across the Gulf of California by Gastil et al. (1973) -supports that this unit is a robust geologic tie point. Inspection of the basement to cover transition over a large area of both northeastern Baja California and coastal Sonora confirms that outcrops of the distinctive conglomerate are limited to the two previously mapped areas (Gastil and Krummenacher, 1974; Bryant, 1986; Oskin and Stock, 2003b ; distinctive conglomerate in Fig. 2 ). Outcrop patterns in the Sierra Seri of coastal Sonora suggest a single southwest-directed channel. Outcrops in Baja California appear to have been isolated as a terrace deposit by 12.6 Ma. Correlation of these outcrops suggests ϳ300 km of displacement across the Gulf of California (Gastil et al., 1973) . The uncertainty of this displacement is difficult to estimate because only PACIFIC-NORTH AMERICA PLATE MOTION, NORTHERN GULF OF CALIFORNIA remnant outcrops exist in Baja California and the transport distance and path between the correlative outcrops is unknown. The age of these outcrops is known only to postdate the underlying Mesozoic batholithic rocks and predate a 15 Ma basalt flow (Bryant, 1986) . The ϳ300 km offset of these strata therefore approximates the total dextral displacement across the Gulf of California since at least middle Miocene time.
Geologic Mapping of Isla Tiburón and Coastal Sonora
Accessible outcrops of ash-flow tuffs mapped by Gastil and Krummenacher (1974) were assessed for lithologic similarity to the distinctive tuffs mapped in northeastern Baja California. Potentially correlative tuff outcrops were located on western and northern Isla Tiburón and adjacent areas of coastal Sonora. Detailed geologic mapping of Isla Tiburón concentrated on the western coast of the island. This area presented a well-exposed north-south transect of pyroclastic flow deposits to match with the conjugate rifted margin in Baja California. Interior areas of the southern and northeastern parts of the island were explored in order to assess important stratigraphic features identified by initial reconnaissance studies. The interior of the island was mapped primarily by aerial photograph and Landsat image interpretation. Stratigraphic and structural complexities appear most commonly near the western coastline of Isla Tiburón, whereas much of the interior area consists of structurally simple, well-exposed block-faulted ridges.
Preliminary correlations of ash-flow tuffs were established in the field by lithology and verified by petrographic examination of phenocryst, glass, pumice, and lithic content. Further geochemical and paleomagnetic tests were applied to the most widespread and stratigraphically simple ignimbrites common to northeastern Baja California and western Sonora (Oskin et al., 2001) . Important characteristics of correlative pyroclastic flow deposits are summarized in Tables 1 and 2 .
The Tuff of San Felipe
The tuff of San Felipe (Figs. 3 and 4) may be recognized in the field from its distinctive welding zonation, phenocrysts, and rhyolite lava inclusions (Table 1) . Geochemical analyses consistently show distinctive anorthoclase and zoned pyroxene phenocrysts (Table 1) and high Nb, Ce, Rb, and La (Table 2) . Primary thermal remanent magnetization of the tuff of San Felipe preserves an unusual lowinclination reversed-polarity direction Oskin et al., 2001) . Most sample localities of the tuff of San Felipe in Baja California and Sonora yielded consistent paleomagnetic results with evidence for clockwise vertical-axis rotation of as much as 50Њ between sample localities (Lewis and Stock, 1998a; Nagy, 2000;  Table DR1 ).
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Isotopic ages of the tuff of San Felipe and other bracketing units in Baja California are consistent with an age of ca. 12.6 Ma for this tuff, although individual, well-dated samples range from 13.0 Ϯ 0.2 Ma to 10.6 Ϯ 0.1 Ma . Ages spanning this range but with high uncertainty (9.7 Ϯ 1.3 Ma to 13.9 Ϯ 2.2 Ma) have been measured from the tuff of San Felipe in coastal Sonora and Isla Tiburón (Oskin, 2002) . Argon loss may have contributed to anomalously younger ages. Older ages are associated with thick, highergrade tuff outcrops with a higher percentage of rhyolite inclusions. Macroscopic evidence for plastic deformation and petrographic evidence for disaggregation of these inclusions suggest that they may be contaminating the age data, as first proposed by Lewis (1994) . Additional study is under way to separately date these inclusions and to clarify the isotopic age of the tuff of San Felipe.
The tuff of San Felipe provides a robust match across the northern Gulf of California. At 160 km 3 , it forms the largest-volume pyroclastic flow in the study area and covers Ͼ4000 km 2 ( Fig. 4 and Table 3 ). This ignimbrite is likely to have erupted from near the present-day mainland Sonora coastline at Punta Chueca (Fig. 4) . The ca. 12.6 Ma age and stratigraphic position of the tuff of San Felipe make this ignimbrite ideal to measure the total dextral displacement across the Gulf of California since the onset of rifting after 12 to 11 Ma Tuff of El Canelo ; Tmc2 and Tmc3 (Martín-Barajas et al., 1995) ; t9 and t12 (Stock et al., 1991) ; Tmr8(?) (Lewis, 1996) Densely welded lithic-phyric ash-flow tuff, multiple cooling units, 3%-10% phenocrysts (plagioclase ϩ anorthoclase ϾϾ orthopyroxene ഠ iron-titanium oxides Ͼ hornblende), dark purple matrix of welded glass, distinctive pumice fiamme up to 50 cm in length. Basal dark purple indurated vitrophyre with centimeter-scale variations in phenocryst concentration and black fiamme. Above basal zones, phenocryst concentration levels out at ϳ10%, and pumice vapor-phase altered. Thick high-grade welded sections display extremely thin (Ͻ1 cm) fiamme with rheomorphic flow lineations. Internal cooling breaks distinguished by a volcanic lithic concentration zone overlain by thin, dark, nonwelded tuff and/or dark purple indurated vitrophyre.
6.1 Ϯ 0.5 Ma El Oculto member Tuff of Arroyo El Oculto ; t14 (Stock et al., 1991) Nonwelded lithic-rich devitrified ash-flow tuff, 2% phenocrysts (plagioclase ϩ anorthoclase(?) Ͼ orthopyroxene), typically 0-2 m thick, distinctive bright-white weathered surface. Thicker sections described by Nagy (1997) (Lewis and Stock, 1998a ; Table DR1 ).
No data
Tmr5 member Tmr4a (Lewis, 1996) 3% centimeter-sized pumice, 5%-10% phenocrysts (feldspar ϾϾ iron-titanium oxides Ͼ clinopyroxene). Indurated, dark reddish-brown porcelaneous welded base capped by light purple vapor-phase-altered tuff. Normal-polarity, moderate-inclination paleomagnetic remanence (Lewis and Stock, 1998a) (Table DR1 [see footnote 1 in text]).
Tuffs of Mesa Cuadrada Tmr4 member Densely welded ash-flow tuff, distinctive welding zonation, 1%-3% phenocrysts (plagioclase Ͼ pyroxene Ͼ quartz), 1% volcanic lithic fragments, even-textured porcelaneous matrix. Thin (Ͻ1 m) basal yellow ash and pumice grades into brown to black vitrophyre with pumice fiamme. Sharp break separates vitrophyre from densely welded red tuff, capped by vapor-phase altered light purple welded tuff. Thicker sections capped by an additional zone of nonwelded tuff. Moderate-inclination normal-polarity remanent magnetization, shallower inclination, and counterclockwise declination relative to Tmr3 (Lewis and Stock, 1998a; Nagy, 2000; Oskin et al., 2001) .
Tm3t member Up to 200 m (typically 0-2 m) of primary and reworked air-fall, volcaniclastic debris-flow, and pyroclastic flow deposits.
Tmr3 member Tmr3b (Lewis, 1996) Tmr3 (type 2) Nonwelded to partially welded, 5%-10% centimeter-sized volcanic lithic fragments, 10%-15% phenocrysts (alkali feldspar ϾϾ augite ഠ quartz Ͼ biotite ഠ iron-titanium oxides Ͼ basaltic hornblende ഠ fayalite ഠ zircon), up to 10% pumice lapilli. (Lewis and Stock, 1998a; Nagy, 2000; Oskin et al., 2001 ).
ca. 6.3 Ϯ 0.2 Ma, ; 6.2 Ϯ 1.0 and 5.3 Ϯ 2.2 Ma (Oskin, 2002); 5.7 Ϯ 0.6 Ma (Gastil et al.,1979) Tuff of San Felipe See Stock et al. (1999) for correlation of units in Baja California
Densely welded, 10%-15% phenocrysts (anorthoclase ϾϾ augite ഠ iron-titanium oxides), rare accidental lithic fragments, distinctive, rare to uncommon dark rhyolite lava inclusions. Inclusions contain 20% phenocrysts (alkali feldspar ϾϾ phenocrysts Ͼ fayalite), form pods up to 40 cm in length, are abundant in thick, high-grade welded-tuff outcrops. Typical section develops dark brown to black basal vitrophyre, grading into densely welded, red to orange eutaxitically foliated tuff. Thicker deposits grade into densely welded, red to light purple rheomorphic tuff with pumice fiamme up to 50 cm long. Cores of zoned pyroxenes are brown-colored magnesian augite (up to En 30 ) with higher Al, lower Na, and variable Mn. Low-inclination, reversed-polarity remanent magnetism differs substantially from the expected Miocene field direction and probably records an excursion or transitional field Oskin et al., 2001 ).
Ca. 12.6 Ma ; 9.7 Ϯ 1.3 Ma and 13.9 Ϯ 2.2 Ma (Oskin, 2002) trending paleocanyons on Isla Tiburón and in the northern Puertecitos volcanic province. A single 3-km-wide paleocanyon in the northern Sierra Kunkaak is the only known pathway for the tuff of San Felipe between coastal Sonora and western Isla Tiburón (Fig. 4) . Additional pathways may exist in unmapped areas of the Sierra Kunkaak or beneath the channel between Isla Tiburón and the mainland. On western Isla Tiburón, the tuff of San Felipe fills west-trending channels cut into volcanic and volcaniclastic strata in the south and basement in the north. On the southern part of the conjugate margin in northeastern Baja California, the tuff of San Felipe also occupies paleocanyons cut into volcaniclastic strata (Fig. 4) . In the northern Sierra San Fermín and the adjacent Sierra San Felipe, the tuff of San Felipe formed a sheet ponded over basement rock, arkosic sandstone, and locally derived fluvial deposits. The thickest and highestgrade deposits of the tuff of San Felipe occur in the northern Sierra San Fermín and adjacent parts of the Sierra San Felipe, northern Isla Tiburón, and mainland coastal Sonora (Fig. 4) . The southern limit of the tuff of San Felipe may also correlate across the Gulf of California, but a cover of younger volcanic rocks limits exposures. The northern limit of the tuff of San Felipe on the Sonoran margin appears to have been controlled by paleotopography. Outcrops north of Isla Tiburón may be flooded by the Gulf of California or possibly were removed by erosion.
The Tuffs of Mesa Cuadrada
The tuffs of Mesa Cuadrada (Figs. 5 and 6) comprise two cooling units, Tmr3 and Tmr4, with intercalated Tmr3t nonwelded pyroclastic deposits. Tmr3 and Tmr4 form a distinctive pair of flow deposits with contrasting lithology and paleomagnetic remanence (Table 1) . Geochemical analyses (Table 2) show that, similar to the tuff of San Felipe, cooling unit Tmr3 is also higher in Nb, Ce, Rb, and La than any other silicic rocks from the Puertecitos volcanic province measured by Martín-Barajas et al. (1995) . The concentrations of these and other trace elements in Tmr3 are distinct from the tuff of San Felipe, as are the compositions of feldspar and pyroxene phenocrysts (Oskin et al., 2001) . Isotopic ages of Tmr3 from the Isla Tiburón overlap isotopic ages of 6.3 Ϯ 0.2 Ma for Tmr3 from Baja California (Stock, 1989; Lewis, 1996; Oskin, 2002) (Table 1) . A sample of Tmr3 from western Isla Tiburón (Fig. 6 ) was dated by Gastil et al. (1979) at 5.7 Ϯ 0.6 Ma (sample no. 1012, K-Ar on feldspar).
On the basis of paleomagnetic measurements, Nagy (2000) distinguished two types of Tmr3 and suggested that neither Tmr3 (type 1) nor Tmr3 (type 2) of Santa Isabel Wash may be correlative to Tmr3 units mapped by Lewis and Stock (1998a) . Reexamination of individual sample localities reveals that the range-wide averaging technique used by Nagy (2000) to test these correlations included more samples of Tmr4 from a zone of greater clockwise vertical-axis rotation in the southern Sierra San Fermín (Lewis, 1994) . This approach biased the average declination for Tmr4 relative to the average declination of Tmr3 units from the Sierra San Fermín; the result was that the Tmr3 units of Lewis and Stock (1998a) appeared paleomagnetically distinct from the Tmr3 of Santa Isabel Wash. By using individual sample localities from the Sierra San Fermín instead of a range-wide average, we find that the inclination and declination of Tmr3 (type 2) and Tmr3b relative to Tmr4 are consistent throughout the Baja California margin and consistent with Tmr3 outcrops on Isla Tiburón (Oskin et al., 2001) . Distinct remanent paleomagnetic directions from unit Tmr3 (type 1) of Santa Isabel Wash and unit Tmr3a of the Sierra San Fermín support the interpretation that these units are individual, local members of the tuffs of Mesa Cuadrada.
The distribution and facies of the tuffs of Mesa Cuadrada correlate closely between northeastern Baja California and Isla Tiburón. These ignimbrites comprise the largest of the ca. 6.3 to 6.1 Ma tuffs in both volume and areal extent, covering over 2100 km 2 with ϳ120 km 3 of pyroclastic deposits (Table 3 ). The northern extent of outcrops is well exposed in the northern Sierra San Fermín and Sierra San Felipe of Baja California and the Sierra Alta of Isla Tiburón (Fig. 6 ). The southern extent of outcrops is well exposed in the Sierra Menor of Isla Tiburón but obscured by younger volcanism in the Puertecitos area of Baja California. Thick, higher-grade deposits of the tuffs of Mesa Cuadrada crop out adjacent to the eastern part of Arroyo Matomí, in the southern Sierra San Fermín, and in the Santa Isabel Wash area in Baja California and the central Sierra Menor of Isla Tiburón (Fig. 6 ). Facies changes within the tuffs of Mesa Cuadrada associated with younger rhyolitic volcanism suggest a vent for this ignimbrite located within a 20-30-km-diameter area centered at the eastern end of Arroyo Matomí (Fig. 6) . In Baja California, abrupt thickness changes in higher-grade Tmr4 occur southeast of Mesa Cuadrada, at Santa Isabel Wash, and in the southern Sierra San Fermín. These abrupt thickness changes may reflect underlying topographic relief caused by subsidence due to a prior eruption (e.g., Tmr3) and are inferred here to overlie caldera-collapse structures (Fig. 6 ). This same region encloses an area of extensive rhyolite lava flows and late Miocene and younger andesite volcanoes that probably filled in the collapsed area (Oskin and Stock, 2003b) .
Tuffs of Dead Battery Canyon
The tuffs of Dead Battery Canyon (Figs. 7 and 8) in Baja California form two nearly identical cooling units, Tmr5 and Tmr6 (Table  1) . Pumice and phenocryst content of outcrops on Isla Tiburón best supports correlation to cooling unit Tmr5. Cooling units Tmr5 and Tmr6 in Baja California both preserve normal- polarity, moderate-inclination paleomagnetic remanence directions; those of Tmr6 are steeper and clockwise of unit Tmr5 (Lewis and Stock, 1998a) . Paleomagnetic remanence of the one cooling unit present on Isla Tiburón is consistent with the overall paleomagnetic directions of Tmr5 and Tmr6 from Baja California, but it is not distinctive of either Tmr5 or Tmr6 given the uncertainties present in the data (Table DR1 [ The tuffs of Dead Battery Canyon may be an uppermost cooling unit of the tuffs of Mesa Cuadrada. This possibility was suggested by Lewis (1994) , who observed that the tuffs of Dead Battery Canyon are lithologically similar to and conformably overlie Tmr4 in the Sierra San Fermín. Younger units, including a possible correlative to the tuffs of Arroyo El Canelo (Tmr8, Table 1) overlie the tuffs of Dead Battery Canyon with a slight angular unconformity (Lewis, 1994) . This same relationship appears on Isla Tiburón at Punta Reina where the tuffs of Dead Battery Canyon conformably overlie the tuffs of Mesa Cuadrada but are overlain with slight angular unconformity by the El Oculto member of the tuffs of Arroyo El Canelo (Fig. 7) . Although the tuffs of Dead Battery Canyon have not been dated, these relationships suggest an age close to the ca. 6.3 Ma Tmr3 cooling unit of the tuffs of Mesa Cuadrada.
The tuffs of Dead Battery Canyon cover a restricted area on both margins of the northern Gulf of California (Fig. 8) . The maximum thickness of these tuffs occurs where two cooling units (Tmr5 and Tmr6) are present in Baja California. Thick deposits of the Tmr5 cooling unit are present in the Punta Reina area of Isla Tiburón. The tuffs of Dead Battery Canyon have the lowest volume of any unit that has been found to correlate across the northern Gulf of California. Known outcrops of the tuffs of Dead Battery Canyon cover 160 km 2 with ϳ4 km 3 of pyroclastic deposits (Table 3). The northern limit of the tuffs of Dead Battery Canyon is well exposed in the central Sierra San Fermín of Baja California and the northern Sierra Menor of Isla Tiburón. These ignimbrites thin southward to zero thickness in the Sierra Menor and are buried by younger rhyolite lava flows in the southernmost Sierra San Fermín (Fig. 8) . The tuffs of Dead Battery Canyon do not appear to extend south of Arroyo Matomí in Baja California.
The Tuffs of Arroyo El Canelo
The tuffs of Arroyo El Canelo are a completely zoned ignimbrite with at least four distinct cooling units of a complexly zoned ignimbrite (Figs. 7 and 9; Table 1 ). The stratigraphic definition of these tuffs is based upon the exposures in the Santa Isabel Wash region . The units designated as members of the tuffs of Arroyo El Canelo in this study were given separate names by Nagy et al. (1999) . These lithologically distinctive members are the tuff of Arroyo El Oculto, the tuff of Arroyo El Canelo (with one or more cooling breaks), the Bighorn Sheep Tuff, and the Flagpole Tuff (Table  1) . Correlation of the tuffs of Arroyo El Canelo has not been confirmed by geochemical or paleomagnetic analyses. However, the complex zonation of the tuff of Arroyo El Canelo is consistent between the Sierra Santa Isabel of Baja California and western Isla Tiburón. Plagioclase phenocrysts from the El Canelo member from Santa Isabel Wash were isotopically dated as 6.1 Ϯ 0.5 Ma by Nagy et al. (1999) .
The four cooling units of the tuffs of Arroyo El Canelo cover Ͼ700 km 2 with ϳ45 km 3 of pyroclastic deposits ( Fig. 9 and Table  3 ). Outcrops of the tuffs of Arroyo El Canelo occur south of the tuffs of Dead Battery Canyon and partly overlap, but extend southeast of, the tuffs of Mesa Cuadrada. This pattern is seen on both margins of the Gulf of California (Figs. 6, 8, and 9) . In Baja California, the tuffs of Arroyo El Canelo crop out primarily south of Arroyo Matomí, except for isolated exposures in the southern Sierra San Fermín. On Isla Tiburón, the tuffs of Arroyo El Canelo crop out south of Punta Reina and within the central and southern Sierra Menor. On both margins, the northern outcrop limit of the tuffs of Arroyo El Canelo lies south of the northern outcrop limit of the tuffs of Dead Battery Canyon. Also, the tuffs of Arroyo El Canelo crop out farther southeast than all other correlated ignimbrites.
Thicker, high-grade welded deposits of the tuffs of Arroyo El Canelo (e.g., tuff that is PACIFIC-NORTH AMERICA PLATE MOTION, NORTHERN GULF OF CALIFORNIA densely welded throughout the section with post-emplacement rheomorphic flow lineations) form a more restricted distribution centered on outcrops of intra-caldera deposits in the eastern Arroyo Matomí area (Fig. 9) . Paleotopography formed during eruption of the tuffs of Mesa Cuadrada (caldera wall(?) in Figs. 6 and 9) acted as a buttress against which the tuffs of Arroyo El Canelo were deposited. On Isla Tiburón, thick deposits of the tuffs of Arroyo El Canelo crop out in two areas adjacent to the western coastline. Thick high-grade deposits occur in the southwest Sierra Menor, south of a paleotopographic barrier that was the southern limit of the tuffs of Mesa Cuadrada (Fig. 6) . The tuffs of Arroyo El Canelo may have ponded here on the south side of this barrier. Outcrops of the thick, moderately to densely welded tuff of Arroyo El Canelo occur adjacent to the coastline of Isla Tiburón from the central Sierra Menor northward to Punta Reina, where outcrops of this ignimbrite abruptly terminate (Fig. 9) . These thick deposits are separated by normal faults and buttress unconformities from thinner sections to the east.
DISCUSSION
Pyroclastic flow deposits offset across the northern Gulf of California permit restoration of Pacific-North America displacement (Figs. 10, 11, and 12) . This analysis builds on the initial study of Oskin et al. (2001) , which proposed 255 Ϯ 10 km of opening of the Upper Delfín basin in the northern Gulf of California since the 6.3 Ma time of emplacement of Tmr3 (e.g., Fig. 6 ). Alternative restorations of 245 and 265 km illustrate the robustness of this reconstruction (Figs. 10A and 10C ). Distributed dextral displacement of ignimbrite distributions is shown to support 41 Ϯ 13 km of additional plate-boundary motion between Baja California and mainland Sonora (Fig.  11) . By comparison of these results to platemotion circuit data, Oskin et al. (2001) showed that the Pacific-North America plate boundary became localized in the Gulf of California during latest Miocene time. A more complete compilation of these data presented here, which includes distributed deformation of the continental margin, further restricts the time of localization of the plate boundary. The record of plate-boundary motion from the Gulf of California is shown to place significant boundary conditions on models of the San Andreas fault system in southern California. Close restoration of conjugate rift margins also restricts tectonic models for crustal evolution of the Upper Delfín ocean basin.
Map-View Restoration of Conjugate Rifted Margins
Map-view restoration of conjugate rifted margins of the northern Gulf of California requires 255 Ϯ 10 km of opening of the Upper Delfín basin since eruption of the tuffs of Mesa Cuadrada at 6.3 Ϯ 0.2 Ma (Oskin et al., 2001) (Fig. 10) . The best-fit restoration is satisfied solely by motion parallel to the Tiburón Fracture Zone and Ballenas transform fault in the Gulf of California (310Њ to 312Њ, Fig. 2 ; Fenby and Gastil, 1991) . The actual path of opening between of the Upper Delfín basin may have involved other components of motion. However, these other components must be much less significant than motion parallel to transform faults formed and lengthened by opening of the Upper Delfín basin (Fig. 2) . To Lewis and Stock, 1998a ) may account for this difference, as discussed later in the following section.
The amount and uncertainty of the 255 km restoration (Fig. 10) were determined by the limits of a reasonable fit between tie lines from the tuffs of the northern Puertecitos volcanic province. The best fit of these tie lines is depicted on the map-view restoration of 255 km of displacement (Fig. 10B) . Fits with 245 km and 265 km of displacement parallel to the transform faults illustrate the limits of the restoration (Figs. 10A and 10C ). The partitioning of dextral displacement between the Ballenas transform fault and the Tiburón Fracture Zone (Fig. 2) depends upon the restoration of Isla Angel de la Guarda to an uncertain position south of Isla Tiburón (Lonsdale, 1989; Stock, 2000) . This uncertainty does not affect the summed displacement measured here.
The distribution of the ca. 6.3 to 6.1 Ma tuffs constrains the amount and uncertainty of dextral displacement across the northern Gulf of California since late Miocene time (Fig.  10) . In particular, several stratigraphic transitions in the Arroyo Matomí and southern Sierra San Fermín region of Baja California correlate to the Punta Reina region of Isla Tiburón (Figs. 6, 8, and 9) . Here, the tuffs of Dead Battery Canyon and the tuffs of Arroyo El Canelo abruptly pinch out above the tuffs of Mesa Cuadrada. South of this tie line, thick, high-grade welded, and intracaldera facies of the tuffs of Mesa Cuadrada and the tuffs of Arroyo El Canelo fill in the inferred eruptive center at Arroyo Matomí. The 255 km restoration shows that thick deposits of these units in the central and southern Sierra Menor originally were adjacent to the mouth of Arroyo Matomí. North of the southern Sierra San Fermín and Punta Reina, only the tuffs of Mesa Cuadrada are present. Both the thickness and welding grade of cooling unit Tmr3 decrease northward in the Sierra San Fermín of Baja California and the Sierra Alta of Isla Tiburón. The distribution of the tuff of San Felipe also matches in the favored map-view restoration (Figs. 6 and 10 ). The tuff of San Felipe fills west-trending paleocanyons that crop out along the entire western coastline of Isla Tiburón. The Sierra San Fermín and the northern Puertecitos volcanic province contain similar paleocanyons filled by the tuff of San Felipe. The precision of the map-view restoration is not enough to match individual paleocanyons; however, high-grade welded deposits of the tuff of San Felipe in the northern Sierra Alta of Isla Tiburón and the northern Sierra San Fermín of Baja California are restored into proximity. A once-continuous cover of the tuff of San Felipe in the Sierra San Felipe has no known correlative on coastal Sonora. Beneath the tuff of San Felipe, a stratigraphic pinchout of volcaniclastic strata of the early to middle Miocene arc against basement rocks may also match in distribution on the map-view restoration (Oskin and Stock, 2003b) . The preferred map-view restoration also matches the distribution of older Tertiary conglomerate deposits (Figs. 2 and 10) . Altogether, these results suggest that no significant dextral motion occurred between Isla Tiburón and Baja California prior to late Miocene time.
The detailed reconstruction permitted by matching the distributions of pyroclastic flow deposits (Fig. 10 ) also limits the amount of upper continental crust on the continental margins of the Upper Delfín basin that has subsided into the northern Gulf of California. The width of Miocene continental surface area not accounted for between Isla Tiburón and Baja California is unlikely to exceed the 20-30 km radius of distribution of the tuffs of Mesa Cuadrada. This unit is the most widespread of the ca. 6.3 to 6.1 Ma tuffs (Fig. 6, Table 3 ). Preservation of the tuffs of Dead Battery Canyon as a small-volume deposit on both rifted margins may require even less unaccounted for crustal area. The gap between opposing rifted margins shown in the preferred mapview restoration is ϳ20 to 25 km (Fig. 10) , which is consistent with the radius of distribution of the correlative ignimbrites.
Distributed Dextral Displacement
Map-view restoration of 255 Ϯ 10 km of opening of the Upper Delfín basin between Isla Tiburón and the coastline of northeastern Baja California provides only a minimum estimate of the total dextral displacement across the Gulf of California extensional province. Outside of the Upper Delfín basin, distributed deformation either west of the Baja California coastline or east of Isla Tiburón may have contributed to the total displacement across the Pacific-North America plate boundary. This section reviews existing stratigraphic and paleomagnetic evidence to estimate the amount of distributed dextral displacement on both margin study areas (Fig. 11) .
Two zones of discrete dextral displacement are proposed for the northeastern Baja California continental margin. The Valle de San Felipe fault (Gastil et al., 1975; Dokka and Merriam, 1982) (Fig. 11 ) may carry dextral displacement from the Agua Blanca fault (Fig.  1) to a zone of distributed deformation in the Puertecitos volcanic province. Detailed studies of southern Valle Chico (Stock, 1993) correlate volcanic strata of the Valle de San Felipe fault, limiting significant dextral displacement here. Similarly, the west-to northwesttrending Matomí accommodation zone (Dokka and Merriam, 1982; Stock et al., 1991) (Fig. 11) appears to accommodate differential extension and rotation between the Puertecitos volcanic province and the Sierra San Felipe (Nagy, 2000) and does not carry significant dextral displacement. Lewis and Stock (1998a) documented distributed dextral displacement within the San Felipe rotated domain of the Baja California margin (Fig. 11) . Their paleomagnetic and structural study proposed 23 Ϯ 9 km of dextral displacement (along an azimuth of 340Њ) manifested by 30Њ Ϯ 15Њ of localized clockwise rotation since eruption of the ca. 6.3 Ma tuffs of Mesa Cuadrada (cooling units Tmr3 and Tmr4). The western boundary of the rotated domain is pinned to the Valle de San Felipe and/or San Pedro Mártir faults. The eastern boundary of the rotating domain is proposed by Lewis and Stock (1998a) to lie just offshore of northeastern Baja California. This boundary is consistent with rocks on Isla Tiburón, which are not significantly rotated, and with faulting offshore of Baja California (Persaud et al., 2003) . When projected onto an azimuth of 314Њ, parallel to plate motion, clockwise rotation of the Baja California mar- gin amounts to 21 Ϯ 9 km of displacement (Lewis and Stock, 1998a) . A vector sum of 23 Ϯ 9 km of dextral displacement at an azimuth of 340Њ with 255 Ϯ 10 km of opening of the Upper Delfín basin at an azimuth of 312Њ yields a combined vector of 276 Ϯ 13 km (errors summed as root mean squares) at an azimuth of 314Њ, parallel to the modified NU-VEL-1A direction of DeMets and Dixon (1999) for Puertecitos.
The La Cruz fault forms a zone of discrete dextral displacement mapped through southern Isla Tiburón (Fig. 11) . Neither the timing of motion nor the amount of offset across the La Cruz fault are well constrained. The only deposits to correlate across the fault zone are post-6 Ma marine rocks and pyroclastic flow deposits (Oskin and Stock, 2003a) . Deposits from the middle Miocene volcanic arc on either side of the La Cruz fault do not correlate, which may indicate a large amount of dextral and/or normal displacement. The La Cruz fault is interpreted here as an early strand of the Tiburón Fracture Zone that forms the southern margin of the Upper Delfín segment of the Gulf of California (Fig. 2) . The block south of the La Cruz fault was probably transferred across the Tiburón Fracture Zone during the earliest stages of opening of the Upper Delfín basin (Fig. 11) . Slip along this fault therefore should not be included as an additional component of the opening of the Upper Delfín basin.
A northwest-trending zone of dextral shear and rotation is inferred on the mainland Sonoran margin and northeastern Isla Tiburón (Fig.  11) . Offset of high-grade welded tuff of San Felipe between Punta Chueca and the northern Sierra Kunkaak suggests 20 Ϯ 10 km of dextral displacement and/or northwestdirected extension across this zone. Basalt flows exposed in both of these areas may also correlate. Another zone of dextral displacement, the northwest-striking Sacrificio fault, separates the area of distributed shear on the southwest from the Seri block on the northeast (Fig. 11) . The total displacement across this structure is difficult to estimate, because no volcanic strata match across the fault. However, outcrops of a distinctive conglomerate in the Sierra Seri preclude displacement on this structure that would sum with other offsets to exceed the ϳ300 km estimated for the Gulf of California by Gastil et al. (1973) . Because 276 Ϯ 13 km and 20 Ϯ 10 km of displacement (296 Ϯ 17 km total) is already accounted for, strike-slip displacement on the Sacrificio fault is unlikely to exceed a few tens of kilometers.
Distributed dextral deformation may also be inferred from paleomagnetic declination data from Isla Tiburón and mainland coastal Sonora (Fig. 11) . Localities on Isla Tiburón show minor, 5Њ-15Њ clockwise vertical-axis rotation of outcrops of the tuff of San Felipe relative to reference localities in Baja California. Overall, however, sample localities on Isla Tiburón show significantly less clockwise vertical-axis rotation than sample localities in Baja California. Therefore, no additional dextral displacement has been added from rotation of localities on western Isla Tiburón. Localities on coastal Sonora show 25Њ-40Њ clockwise vertical-axis rotation of outcrops of the tuff of San Felipe. This rotation may have been caused by right-lateral shear in the coastal zone between the Sacrificio fault and Isla Tiburón. Dextral displacement accumulated by rotation of these localities is tentatively attributed to displacement of correlative outcrops between Punta Chueca and the northern Sierra Kunkaak by 20 Ϯ 10 km. In summary, the total distributed dextral displacement within the marginal continental areas of the Gulf of California rift adds 41 Ϯ 13 km of offset to the 255 Ϯ 10 km measured by map-view restoration of correlative ignimbrite strata (Fig. 11) . Offset of the tuff of San Felipe from Punta Chueca to the northern Sierra Kunkaak indicates 20 Ϯ 10 km of displacement. Vertical-axis rotations documented by paleomagnetic studies add 21 Ϯ 9 km of dextral displacement from the Baja California margin (Lewis and Stock, 1998a) . Additional dextral displacement contributed by the Sacrificio fault is unknown at present. However, outcrops of a distinctive conglomerate in the Sierra Seri that correlate to outcrops in the Santa Rosa basin in Baja California (Gastil et al., 1973) preclude a large dextral offset across the Sacrificio fault. On the basis of the stratigraphic and paleomagnetic arguments presented here, the total amount of opening of the Upper Delfín segment of the northern Gulf of California is 296 Ϯ 17 km along an azimuth of 314Њ, of which 255 Ϯ 10 km has been accommodated within the ocean basin. This value is the same as that indicated by offsets estimated from Tertiary conglomerate (Gastil et al., 1973) and from pre-Tertiary batholithic and metamorphic rocks (Silver and Chappell, 1988; Gastil et al., 1991) .
Timing of Dextral Displacement
Isotopic ages for the tuff of San Felipe, tuffs of Mesa Cuadrada, and the tuffs of Arroyo El Canelo constrain the timing of dextral displacement in the Gulf of California. Restoration of northeastern Baja California to Isla Tiburón indicates that 255 Ϯ 10 km of opening occurred in the Upper Delfín basin after emplacement of the tuffs of Mesa Cuadrada at 6.3 Ϯ 0.2 Ma and the tuffs of Arroyo El Canelo at 6.1 Ϯ 0.5 Ma. Likewise, vertical-axis rotations measured in the continental margin of Baja California also postdate emplacement of the tuffs of Mesa Cuadrada (e.g., Tmr3 and Tmr4 of Lewis and Stock, 1998a) . Together, these displacements add up to 276 Ϯ 13 km since ca. 6.3 Ma. Northwestward displacement of 20 Ϯ 10 km between Isla Tiburón and the Sacrificio fault accrued after emplacement of the tuff of San Felipe at ca. 12.6 Ma.
Northeastern Baja California and Isla Tiburón do not show any evidence for significant displacement on northwest-striking dextral faults between 12.6 Ma and 6.3 Ma, despite widespread evidence for extension during this time period (Stock and Hodges, 1990; Lee et al., 1996; Lewis and Stock, 1998b) . East-to northeast-directed extension during this time accommodated a component of Pacific-North America plate motion (cf. Stock and Hodges, 1989) . East-directed extension took place on Isla Tiburón (Oskin, 2002) , across northeastern Baja California (Stock and Hodges, 1990; Lewis and Stock, 1998b) , including minor distributed dextral displacement on the Matomí accommodation zone (Nagy, 2000) . However, the low magnitude of extension across Baja California and Isla Tiburón (10% to 40% across a 100-km-wide zone) does not approach the 160 Ϯ 80 km of eastdirected extension predicted by the platecircuit model of Stock and Hodges (1989) . Additional extension and right-lateral shear within mainland Mexico probably makes up the balance of strain necessary to complete the plate circuit (Gans, 1997; Henry and ArandaGomez, 1992) .
In summary, timing information for dextral displacement between Baja California and mainland coastal Sonora supports substantial dextral displacement of at least 276 Ϯ 13 km from 6.3-6.1 Ma to the present. An additional 20 Ϯ 10 km of displacement occurred sometime between 12.6 Ma and the present in a region lacking dated rocks younger than 12.6 Ma. No evidence firmly supports substantial dextral displacement within or significant opening of the Upper Delfín basin segment of the Gulf of California rift prior to 6.3 Ma, except for a component accommodated by eastdirected continental extension from 12.6 Ma to 6.3 Ma.
Dextral Pacific-North America Plate Motion in the Northern Gulf of California
Restoration of conjugate rifted margins of the Upper Delfín basin of the northern Gulf of California defines the history of dextral plate motion in the Gulf of California (Fig.  12) . Finite rotations derived from a plate circuit (Atwater and Stock, 1998) define the full Pacific-North America plate motion of ϳ760 km along an average azimuth of 304Њ from 15.1 Ma (chron 5b, time scale of Cande and Kent (1995) ) to the present. Prior to 12.5 Ma, the Magdalena microplate separated the Pacific plate from the North America plate offshore of southern Baja California (Mammerickx and Klitgord, 1982) . Subduction was dextraloblique during this time (Atwater, 1989) , and some component of dextral plate-boundary motion may have been absorbed within the North American continent. However, deposition of the tuff of San Felipe as a preextensional marker indicates that plate-boundary motion probably did not occur within the northern Gulf of California area west of coastal Sonora prior to ca. 12.6 Ma. Since 12.5 Ma, coast-parallel Pacific-North America plate displacement has been divided into a component of dextral displacement accommodated across the Gulf of California, primarily after 6 Ma, and a second component of dextral displacement accommodated outside of the Gulf of California, primarily prior to 6 Ma (Fig.  12) . The age and offset of correlative ignimbrites across the northern Gulf of California and the paleomagnetic record of seafloor spreading in the Alarcón basin in the southern Gulf of California (Fig. 1 ) define these components. Continental extension in the Gulf extensional province accommodated a significant component of the total plate motion (Stock and Hodges, 1989) but contributed little to opening of the Upper Delfín basin prior to 6 Ma.
The paleomagnetic record of seafloor spreading in the Alarcón basin defines the slip history in the Gulf of California from 3.6 Ma to present (Fig. 12) . DeMets (1995) documented that the rate of seafloor spreading here was 10%-15% less than the full Pacific-North America displacement rate prior to 1 Ma. This lower rate is shown as a deviation of the rate of motion across the Gulf of California from the Pacific-North America plate-circuit rate (Fig. 12) . At 3.6 Ma, this discrepancy is significant relative to the error for these reconstructions. The rate of seafloor spreading in the Gulf of California in the past 1 m.y. is indistinguishable from the full Pacific-North America rate within the uncertainty of recent reconstructions (DeMets and Dixon, 1999) , although neotectonic studies of western Baja California Sur indicate minor activity Dixon et al., 2000) .
Restoration of the correlative ignimbrites across the northern Gulf of California (Fig.  10) requires that the Pacific-North America plate boundary and most of its motion was localized in the Gulf of California during or soon after eruption of the tuffs of Mesa Cuadrada and tuffs of Arroyo El Canelo. Opening of the Upper Delfín basin since this time is at least 276 Ϯ 13 km (Fig. 12) . To accumulate this displacement measured from the offset ignimbrites requires extrapolation of the rate of seafloor spreading at the Alarcón basin back to 6.6 Ϯ 0.6 Ma. This extrapolated age is indistinguishable from isotopic ages of the tuffs of Mesa Cuadrada (6.3 Ϯ 0.2 Ma) and the tuffs of Arroyo El Canelo (6.1 Ϯ 0.5 Ma). If the full Pacific-North America rate of motion (DeMets and Dixon, 1999) were accommodated in the Gulf of California, 276 Ϯ 13 km of displacement could have accumulated in 5.5 Ϯ 0.4 m.y. Separation of outcrops of the ca. 12.6 Ma tuff of San Felipe from Isla Tiburón to Baja California does not require any additional dextral offset here prior to 6.3 Ma. These results indicate that the Pacific-North America plate boundary became localized in the Gulf of California during a short time interval at ca. 6 Ϯ 1 Ma. It is likely that the large-volume silicic eruptions that produced the tuffs of Mesa Cuadrada and the tuffs of Arroyo El Canelo mark this localization event (Oskin and Stock, 2003b) . Additional dextral displacement measured within coastal Sonora and between coastal Sonora and Isla Tiburón may be attributed to pre-and/or post-6 Ma slip. However, the majority of Pacific-North America plate-boundary motion from 12.5 Ma to 6.3 Ma must have occurred outside of the Gulf of California (Oskin et al., 2001) (Fig.  12) .
The slip history presented here (Fig. 12 ) provides a test of existing models for opening of the Gulf of California. Lonsdale (1989) proposed that 50 km of seafloor spreading between Baja California and North America occurred at the Maria Magdalena Rise from 6 or 5 Ma until the onset of spreading at the Alarcón Rise at 3.6 Ma. The 276 Ϯ 13 km of offset measured across the northern Gulf of California requires ϳ120 km more displacement than is recorded in the Alarcón basin. Seafloor spreading at the Maria Magdalena Rise, with additional displacement on the continental margins of the mouth of the Gulf of California during this time interval, would satisfy the amount of opening measured across the northern Gulf of California. Umhoefer et al. (1994) proposed acceleration of the Baja California-North America displacement rate at 3.5 Ma. A detailed resolution of dextral displacement in the Gulf of California prior to 3.5 Ma is not possible with the current geologic data. However, the total amount of slip recorded in the northern Gulf of California since ca. 6 Ma cannot accommodate significant acceleration of the displacement rate in the Upper Delfín basin at 1 Ma and 3.5 Ma (Oskin et al., 2001) . In either case, the majority of Pacific-North America plate motion, 276 Ϯ 13 km, must have been accommodated in the Gulf of California since at least 6.1 Ϯ 0.5 Ma to 5.5 Ϯ 0.4 Ma.
Implications for Dextral Pacific-North America Plate Motion in Southern California
Models for the development of the PacificNorth America plate boundary in southern California support a variety of displacement histories for the Gulf of California (e.g., Dickinson, 1996) . The slip history presented here for the northern Gulf of California (Fig. 12 ) provides a new constraint with which to evaluate these models independent of the tectonic complexity of southern California. Recent efforts to summarize the amount of deformation in central California successfully reconcile Pacific-North America motion measured from continental-deformation and plate-circuit data (Dickinson and Wernicke, 1997; Atwater and Stock, 1998) . Similarly, displacement and timing information from the Gulf of California reconciles the majority of plate-boundary motion in northwestern Mexico since ca. 6 Ma (Fig. 12) . In southern California, these data require that most of the dextral shear transmitted through the Transverse Ranges to the Salton Trough (Fig. 1) occurred after ca. 6 Ma.
Most models of the San Andreas fault system in southern California are compatible with offsets and timing measured in the northern Gulf of California, despite a range of slip estimates for the southern San Andreas fault from 150 to 180 km (Matti et al., 1992) to 240 km (Ehlig et al., 1975) . When summed with additional displacement for other structures away from the San Andreas fault trace, both slip estimates overlap or exceed the 276 Ϯ 13 km of dextral displacement measured for the northern Gulf of California since ca. 6 Ma. The most significant of these additional displacements are 12 Ϯ 2 km of slip from the Elsinore fault (Hull and Nicholson, 1992) , 45-75 km of shear by rotation of the eastern Transverse Ranges (Richard, 1993; Dickinson, 1996) , and possibly up to 22 km of slip on the Agua Blanca fault (Allen et al., 1960) . Addition of slip from the Agua Blanca fault to the Gulf of California is problematic because this fault appears to terminate before reaching the Gulf extensional province (Allen et al., 1960; Lee et al., 1996) . A slip of 26 Ϯ 2 km on the San Jacinto fault (Sharp, 1967) is included with estimates for the San Andreas fault.
If only 150-180 km of slip has occurred on the southern San Andreas fault (Matti et al., 1992) , the total dextral displacement measured in the northern Gulf of California requires a considerable amount of slip along the San Gabriel fault (Fig. 1) . Adding 60 Ϯ 5 km of slip measured for the western San Gabriel fault (Crowell, 1974 ) yields a total of 289 Ϯ 18 to 300 Ϯ 21 km dextral displacement from southern California that would have been transferred into the Gulf of California (Dickinson, 1996) . These values overlap the 296 Ϯ 17 km total-displacement estimate for the northern Gulf of California. An acceptable match is also obtained by adding only 22 Ϯ 1 km slip measured for the north branch of the San Gabriel fault (Ehlig, 1981) , yielding a total of 269 Ϯ 13 to 280 Ϯ 16 km dextral displacement transferred into the Gulf of California (Dickinson, 1996) . These estimates both support the conclusion that dextral displacement in the Gulf of California from 12.5 Ma to 6.3 Ma probably does not exceed the 20 Ϯ 10 km estimate for displacement and rotation of outcrops of the tuff of San Felipe east of Isla Tiburón.
Alternatively, higher estimates of displacement for the southern San Andreas fault (Ehlig et al., 1975; Powell, 1993) could require up to 390 Ϯ 20 km of dextral displacement within northwest Mexico (Dickinson, 1996) . To accommodate this slip would require ϳ100 km of dextral displacement east of the Gulf of California, most of which would have had to occur prior to ca. 6 Ma. Significant problems remain in reconciliation of this higher slip value in southern California (Richard, 1993) . Existing data from northwest Mexico cannot rule out substantial dextral displacement east of the Gulf of California during Miocene time. Ultimately, up to 350 km of dextral displacement is required in northwest Mexico from 12.5 Ma to 6.3 Ma (slip discrepancy in Fig. 12 ). Most of this slip is usually assigned to dextral displacement on the Tosco-Abreojos fault zone west of Baja California and extension in the Gulf extensional province (Spencer and Normark, 1979; Stock and Hodges, 1989) (Fig. 1) . However, observations from southern California and evidence for strike-slip faulting east of Isla Tiburón (Gastil and Krummenacher, 1977) and in southeastern Sonora (Gans, 1997) indicate that additional field work is necessary to address the distribution of dextral shear during middle to late Miocene time.
Implications for Crustal Structure of the Northern Gulf of California
Foundered upper continental crust probably forms only a small component of the crust of the Upper Delfín basin of the northern Gulf of California. The proximity of restored conjugate rifted margins of the Upper Delfín basin segment of the rift indicates that the missing width of continental surface area is unlikely to exceed 25 km (Figs. 10 and 11 ). This result implies that ϳ1000% southeastdirected extension has occurred within the Upper Delfín basin. Most likely, opening of the Upper Delfín basin has been accomplished by a combination of (1) large-magnitude extension of the foundered edge of the continental margin, (2) strain partitioning through conjugate strike-slip faulting and/or northeastdirected extension or to fill in the gap left by opening of the basin, and (3) rupture of the continent and formation of new transitional oceanic crust. Because of the narrow width of missing continental surface area, (1) significant finite extension of the foundered continental margins of the Upper Delfín basin would probably result in exhumation of lowercrustal levels. Exhumation of middle to lower continental crust as a metamorphic core complex (cf. Gónzalez-Fernández et al., 2000) and exhumation of serpentinized continentalmantle lithosphere (Nicholas, 1985) have been proposed to have produced part of the basin floor in the northern Gulf of California. (2) Strain partitioning does not appear to be a sufficient mechanism to compensate for opening of the Upper Delfín basin because faulting of the appropriate magnitude has not been described from the ocean basin or its margins. Strain partitioning as proposed by Nagy and Stock (2000) requires substantially more subsided continental margin than is indicated, although variations on this model could involve exhumed or transitional crust. Significant conjugate strike-slip faulting may also be expected to disrupt throughgoing transform faults in the ocean basin, contrary to the existing interpretation of the Tiburón Fracture Zone (Fenby and Gastil, 1991) (Fig. 1) . Present-day crustal structure and volcanism in the northern Gulf of California and Salton Trough indicate recent crustal formation in the absence of continental crust and thus support possibility 3 that crustal rupture occurred at some time during opening of the northern Gulf of California (Herzig and Jacobs, 1994; Couch et al., 1991) . Our results from matching conjugate rifted margins cannot determine if or when each of these processes may have contributed to opening of the Upper Delfín basin. However, our results do require that any mechanism to open the Upper Delfín basin must preserve most of the surface area of the upper continental crust on the basin's rifted margins.
CONCLUSIONS
Four pyroclastic flow deposits, with a total of eight cooling units, are correlated from northeastern Baja California to Isla Tiburón and coastal Sonora. These pyroclastic flow deposits are the ca. 12.6 Ma tuff of San Felipe, the 6.3 Ϯ 0.2 Ma tuffs of Mesa Cuadrada (units Tmr3 and Tmr4), the tuffs of Dead Battery Canyon (unit Tmr5), and the 6.1 Ϯ 0.5 Ma tuffs of Arroyo El Canelo (including the El Oculto, El Canelo, Bighorn Sheep, and Flagpole units). Restoration of the ca. 6.3 to 6.1 Ma tuffs indicates 255 Ϯ 10 km of dextral displacement, at an azimuth of 312Њ, between northeastern Baja California and western Isla Tiburón. This restoration also satisfies the distribution of the tuff of San Felipe, supporting the conclusion that almost all opening of the Gulf of California took place within the past PACIFIC-NORTH AMERICA PLATE MOTION, NORTHERN GULF OF CALIFORNIA 6 m.y. Offset pyroclastic flows and paleomagnetic declination anomalies support an additional 41 Ϯ 13 km of distributed deformation within northwest-trending zones on both margins of the Upper Delfín basin, for a total of 296 Ϯ 17 km of opening measured across this segment of the northern Gulf of California. At least 276 Ϯ 13 km of this opening took place after eruption of the ca. 6.3 to 6.1 Ma tuffs. These results indicate that the Pacific-North America plate boundary became localized in the Upper Delfín basin over a short time interval at ca. 6 Ϯ 1 Ma and that prior to 6.3 Ma, the majority of dextral plate-boundary motion must have occurred outside of the northern Gulf of California. This slip history also requires that most of the activity of the southern San Andreas fault system in southern California occurred after 6 Ma. Restoration of conjugate rifted margins of the Upper Delfín basin accounts for all but a 20-25 km width of continental surface area. This result indicates that at least 1000% southeast-directed extension has occurred across this rift segment. Basically, the upper continental crust probably ruptured near the present-day coastlines.
